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ABSTRACT 
WIDEBAND, LOW-LOSS, HIGH-POWER HANDLING DIPLEXER FOR 
AIRBORNE EARLY WARNING (AEW) SYSTEMS 
by Awrang Taiby 
Supervisory Committee Chairperson: Dr. Dean Arakaki 
Department of Electrical Engineering 
Airborne Early Warning (AEW) systems rely on rotary couplers (RC) to interface 
rotating antenna elements on aircraft exteriors with stationary onboard systems.  The demand 
for additional channels in new generation AEW systems increases the complexity of rotary 
couplers significantly.  On the other hand, if signals in separate frequency bands use the same 
channel, existing AEW designs could incorporate additional channels with only minor changes.  
Passive RF diplexers can accomplish this task.  Required characteristics include low-loss 
(<0.5dB), wideband (4.4:1), and high-power (>6kW) handling capability.  Two diplexer 
candidates are synthesized and characterized with the aid of a commercial circuit simulation 
package that includes a 3D full-wave EM solver.  A semi-lumped coaxial and a digital elliptic 
diplexer are proposed, both of which have theoretically low-loss and acceptable VSWR 
characteristics.  However, only the latter diplexer meets operating requirements without the 
excessive tuning or analysis required by the former.  Further studies of the semi-lumped 
diplexer characteristics may make it useful in other applications.  
This thesis defines diplexer design goals, provides a brief introduction to filter theory, 
and compares performance characteristics of the semi-lumped and digital elliptic diplexers.  
Simulation results for both designs demonstrate that the digital elliptic diplexer is an optimum 
solution. 
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Chapter 1 
INTRODUCTION 
1.1 Objective 
         The primary objective of this project is to predict and optimize the RF performance of 
candidate diplexers for AEW applications to meet the specifications of Table 1 below. 
Ansoft’s commercial circuit simulator software (Designer) combined with the 3D full-wave 
electromagnetic (EM) field simulator HFSS (High Frequency Structure Simulator) model the 
designs.   
Table 1: Required Characteristics, Diplexer 
Performance Parameter Threshold 
Reference impedance 50Ω (nominal) 
Port 1 frequency 240-320MHz, 500MHz-1.8GHz 
Port 2 frequency 240-320MHz 
Port 3 frequency 500MHz-1.8GHz 
Port 1- Port 2 isolation 40dB minimum (50dB, goal) 
Port 1- Port 3, Port 2-Port3 Insertion loss  ≤ 0.5dB 
Return Loss ≥ 20dB (all ports) 
Average power handling 175Watts 
Peak power handling 6.0kW (air pressurization = 2Atm, equivalent 
to 4.5MV/m dielectric strength of air) 
Size limit < 12” long 
Implementation 0.5” Coaxial transmission line  
  
Diplexer 
Port 2 (240-320MHz) 
Port 3 (0.5-1.8GHz) 
          (240-320MHz) 
Port 1 
          (0.5-1.8GHz) 
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        A pseudo-complementary1.1 shunt connected highpass and lowpass filter can best meet 
Table 1 specifications with a center frequency at the arithmetic mean of the cutoff frequencies.  
Since the lowpass and highpass filter cutoffs are at 320MHz and 500MHz, respectively, the 
diplexer center frequency is set to 410MHz. 
1.2 Chapter Organization 
Chapter 2 provides a brief review of electrical filter theory, while Chapter 3 presents an 
investigation of the semi-lumped diplexer.  The author is unaware of the design and 
implementation of the semi-lumped diplexer (Chapter 3), either in literature or in industry and 
believes that with careful study, it might be of practical value.  Chapter 4 presents the 
investigation of a 4.4:1 bandwidth digital elliptic diplexer topology that designers have 
traditionally employed in applications of up to 4.0:1 bandwidth.  Finally, Chapter 5 presents a 
summary of results relative to design specifications, and recommended future work.   
1.1 See Section 2.3 and Appendix A 
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Response Excitation 
Filter 
X(s) Y(s) 
Chapter 2 
LITERATURE REVIEW  
A filter is a network with a prescribed response for a given excitation [1, 2], as shown in Fig. 1, 
where X(s) and Y(s) are the Laplace transforms of continuous time functions x(t) and y(t).   
The filters appearing in this paper are based on lossless, time-invariant, reactive-component 
(inductors and capacitors) networks. 
 
 
 
Figure 1: Filter Block Diagram 
Filters are classified according to selectivity, approximation method, and 
implementation.  Selectivity—the filter’s insertion loss outside the desired band, typically 
specified in dB—quantifies the filter’s ability to differentiate between signals of different 
frequencies, while the approximation method determines how well the filter’s response 
matches the desired response.  Implementation defines the filter’s physical form and its 
suitability for a particular application. 
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(2.1)
(2.2)
(2.3)
2.1 Filter Approximation 
 An ideal lowpass filter allows a band of frequencies, from zero to a specified cutoff 
frequency, to pass through the network unimpeded and rejects all other frequencies.  
Therefore, the filter has zero loss in the passband and infinite loss outside the band—the 
stopband—and no transition band.  However, such a filter is physically unattainable, only an 
approximation is achievable.  Fig. 2 shows the ideal lowpass filter and its time domain impulse 
response. [3] 
  
 
 
 
Figure 2: Ideal Filter Response 
In the passband, an ideal filter has unity gain magnitude, linear phase, and constant 
group delay.  Hence 
k
d
d
t
k
jH
g
O
O
=
−
=
−=




>
<
=
ω
ωφ
ωωφ
ωω
ωω
ω
)(
)(
 1)(
 
 5 
Setting ωO = 1rad/sec, the time domain response is the sinc function, which is 
noncausal, thus resulting in an unrealizable filter.  If tg tends to infinity, the response would be 
causal, but the filter would still be unrealizable due to infinite group delay.  Filter 
approximation is necessary to provide a compromise between filter selectivity and group delay. 
Of the many available filter approximations [2, 4-7], this paper only discusses the 
Chebyshev and elliptic (or Cauer) since they provide the “optimum” gain approximation of 
any known filter type (for a proof see [3]).  The Chebyshev filter is characterized by equiripple 
in the passband, while the elliptic filter is characterized by equiripple in both the passband and 
stopband.  Of the two filter approximations, the elliptic provides the sharpest roll-off in the 
transition band, and the worst group delay variation in the passband; however, designers use 
these filters for their selectivity as opposed to group delay.  Figs. 3 and 4 show magnitude 
responses of 5th order Chebyshev and elliptic filter functions in blue along with their 
corresponding group delays (GD) in red.  Note that the elliptic filter has a maximum passband 
group delay variation of 5.6ns, whereas the Chebyshev exhibits only 1.25ns. 
Group delay variation across the filter passband is of interest to the designer, not its 
instantaneous value.  Acceptable variation depends on the specific filter application.  For 
instance, a 1MHz signal modulated on a 5GHz carrier passing through a 2-10GHz bandpass 
filter will, for all intents and purposes, experience approximately constant group delay since 
there is negligible variation over any 1MHz (< 0.01%) portion of the passband.  However, the 
same cannot be said if the 1MHz signal passes through a 1MHz bandwidth elliptic filter.  
These results are readily apparent in Figures 3 and 4, if the normalized frequencies are scaled 
appropriately. Yet in other instances, such as digital communications over a cable network, 
 6 
greater group delay variation is permissible than those in Figs. 3 and 4: DOCSIS (Data Over 
Cable Service Interface Specification) allows a maximum of 75ns group delay variation across a 
6MHz wide channel for QAM (Quadrature Amplitude Modulation). 
 
 
 
 
 
 
Figure 3: 5th Order Chebyshev Lowpass Filter Response 
 
 
 
 
 
 
Figure 4: 5th Order Elliptic Lowpass Filter Response 
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2.1.1 Lowpass Prototype  
 Most filter designs begin with a lowpass prototype; a passive, reciprocal, lossless, two-
port network operating between a unit impedance generator and a unit impedance load as 
shown in Figs. 5 and 6 [1-10]. 
 
 
 
Figure 5: Normalized Lossless Two-Port Network. Rg = RL = 1 
 
 
 
 
 
Figure 6: Lowpass Filter Response 
 The lowpass prototype allows the derivation of all other filter types such as highpass, 
bandpass, and others based on well known transformations [2, 8].  Similarly, network element 
Vg 
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values (capacitor, inductors, and terminating impedances) are scaled for the desired frequency 
bands.   
Most filters are based on lumped element LC network prototypes that approximate the 
response of ideal filters by a ratio of polynomials such as the Chebyshev.  Specifically, the 
Chebyshev amplitude approximation is  
( ) )(1
1)( 22
2
12
2
ωε
ωω
nC
jSjH
+
==         (2.4) 
where, Cn is the n
th-degree Chebyshev polynomial 
 ( ) )](coshcosh[ 1 ωω −⋅= nCn           (2.5) 
resulting in   
( ) )](cosh[cosh1
1
122
2
12 ωε
ω
−
⋅+
=
n
jS .       (2.6) 
Therefore, the passband insertion loss ripple is  
 )1log(10IL 2ε+⋅= ,           (2.7) 
thus ε is the ripple factor in equation 2.4.  Outside the passband, the insertion loss increases 
monotonically with frequency. 
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Similarly, the elliptic filter response is 
 ( ) )(1
1)( 22
2
12
2
ωε
ωω
nR
jSjH
+
== ,       (2.8) 
where ε is the same as the Chebyshev response, but Rn is the nth-order elliptic rational 
function (or Cauer or Chebyshev rational function)[3, 7].  Unlike Cn, Rn does not have a closed 
form representation and requires the use of elliptic integrals and Jacobian elliptic functions.  Rn 
is a rational function and thus produces ripple in the passband as well as in the stopband.  
Alternatively, some authors [3] utilize the highpass prototype response   
 ( ) )(1
)(
22
22
2
12 ωε
ωε
ω
n
n
R
RjS
+
= .           (2.9) 
Since the prototype network is passive and lossless, the following holds [3]  
( ) ( ) 1212211 =+ ωω jSjS .                                             (2.10) 
Therefore, since S11 is related to the input impedance Z by 
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=            (2.12) 
the lumped element prototype values may be determined. 
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2.2 Filter Implementation 
 There are a number of ways to synthesize element values for filter networks such as 
direct synthesis of element values from filter specifications, synthesis by numerical 
optimization schemes [12-13], by approximation, and even by genetic programming.   
For most wideband filters, lumped elements are the preferred choice, except for 
frequency bands where lumped element components no longer exhibit desired responses and 
behave as distributed components [6, 8, 14].  This distinction depends on both the physical 
dimensions of the filter elements and the electrical wavelength in the propagating medium and 
vary based on the technology and materials employed.  However, appropriately designed 
distributed filters, such as microstrip [16, 17], can exhibit 15:1 stopbands.   
An example involves replacing the lumped inductor in the RLC circuit of Fig. 7 with a 
shorted series transmission line of length l.  This increases the circuit’s Q-factor, thus reducing 
its bandwidth [16].  
 






+= )2sin(
21
2 l
lQQ lumpedddistribute β
β
    (2.13) 
Figure 7: RLC Network
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A section of transmission line may approximate a lumped element over a frequency band if its 
electrical length is less than λ/4 [3, 8].  Since the transmission matrix (ABCD matrix) of a 
lossless transmission line is 
[ ] 





= )cos(/)sin(
)sin()cos(
0
0
lZlj
ljZl
T ββ
ββ
         (2.14) 
A short length (<λ/4) high impedance (Z0→∞) line becomes [3] 
 [ ]
v
ll
ljZ
T ωββ =





=  , 
10
1 0
,         (2.15) 
where v is the phase velocity.  Thus equation 2.15 represents a series inductor L = Z0l/v.  
Similarly, a short section of low impedance (Z0→0) transmission line represents a shunt 
capacitance of C = l/Z0v [8]. 
 Distributed transmission lines may be treated as inductors and capacitors with the aid of 
Richards’ transform [14]  
 





=Ω=
02
tan
ω
ωpijjS           (2.16) 
in which ω0 is defined as the frequency at which l  equals one-quarter wavelength.  A series 
inductor may be represented by a short-circuit transmission line with impedance 
'
2
tan
0
0 LjjZZ SC Ω=





=
ω
ωpi
         (2.17) 
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and an open-circuit transmission line represents a shunt capacitor with admittance 
 '
2
tan
1
00
Cj
Z
jYOC Ω=





=
ω
ωpi
         (2.18). 
Note that unlike a lumped element, the distributed element exhibits an odd harmonic (in terms 
of ω0) frequency response because of the tan function.    
2.2.1 Filter Technology and Topology 
Once the filter specifications are known, the designer can select microstrip, stripline, 
waveguide, coaxial, ceramic, lumped element, or a combination to meet requirements [18-24].  
For high power (kW range) and low dissipation loss (<0.5dB), TEM mode structures such as 
coaxial, combline, and interdigital filters are well suited.  Though waveguide filters provide low 
dissipation loss and high-power handling capability, they require excessive physical space.   
 TEM mode or quasi-TEM mode topologies such as combline and digital filters are 
based on parallel conductor transmission line theory [25-27] and are useful for low-loss, high-
power filters with narrow bandwidth (<1%) to broadband filters of 100% or more [28-32].  
Appendix B shows example filter technologies and topologies. 
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2.3 Diplexers 
Diplexers are multi-channel filters—typically two filters—connected in either series or 
parallel to divide a frequency band into two or more channels [31].  Diplexers may consist of 
highpass and lowpass, bandpass and bandpass, bandpass and bandstop, and other 
combinations [8, 14].   
 
 
 
 
 
Figure 8: Diplexer 
To transmit power from the source (port 1) to either load (ports 2 or 3), the input admittance 
must be matched [14, 19, 33] 
 1YYY IN_2IN_1IN =+= .           (2.19) 
Hence, the input admittance must be purely real.  These filters are considered complementary 
(see Appendix A).  Though Chebyshev and elliptic filters cannot be completely complementary 
(due to passband ripple), they exhibit more than 20dB input return loss if |YIN| in equation 
2.19 remains 1±20% [33, 34] in which case they are considered pseudo-complementary. 
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Chapter 3 
THE SEMI-LUMPED COAXIAL DIPLEXER 
The semi-lumped diplexer is an attractive choice for wideband applications because of 
its lumped element behavior (see section 2.3), low-loss, ease of fabrication, and its high-power 
handling capability. 
3.1 The Lowpass Filter 
The lowpass filter consists of short sections (< λ/4) of high and low impedance 
transmission lines representing series inductors and shunt capacitors, respectively.  Fig. 9 
shows the tubular realization of such a filter and its equivalent lumped element circuit.   
 
 
Figure 9a: Semi-Lumped Lowpass Filter Realization: Tubular, Cross-section 
 
 
 
 
Figure 9b: Equivalent Lumped Element Circuit  
copper 
air Teflon 
L 
 C 
L 
C 
L 
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Teflon dielectric supports the low impedance sections of the transmission line and 
provides support for the entire structure.  To achieve an overall filter length less than 12” 
(Table 1), the design should minimize high impedance line diameters, while minimizing low 
impedance line diameters; however, the filter should limit the overall diameter to prevent 
higher order mode (TE11) propagation.  High impedance values should be sufficient to 
minimize line section lengths (equation 2.15) while meeting bandwidth requirements.  The 
lines must also withstand mechanical stresses and accommodate electrical current 
requirements.  To meet general requirements without defined specifications, the author used 
the following reasoning to constrain the initial lowpass filter physical dimensions, subject to 
modifications after testing the physical prototype3.1: 
1. 1.25” outer diameter coaxial tubing for the lowpass filter provides an adequate 
compromise between the overall physical size, bandwidth and next higher order mode, 
and is readily available and commonly used in high power AEW applications. 
2. The high impedance line diameter is set to a minimum of 0.062”, equivalent to a 16AWG 
(American Wire Gauge) solid wire, rated for 20A of DC current.  Since the maximum 
current in the lowpass filter at 6kW peak (50Ω system) is 11A, the 0.062” diameter is a 
reasonable starting point.  This diameter also places a maximum limit on impedance at 
180Ω when employed in the 1.25” coaxial tube, which in turn dictates line length based 
on equation 2.15.  In a multisection filter, each line has a different length. 
3. The low impedance line diameter is set to 1.06”, which allows for a 0.080” thick Teflon 
support ring that can handle 547V peak voltage at 6kW peak power since the dielectric 
3.1 See Appendix C page 54 for the Excel worksheet 
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strength of Teflon is 2.36MV/in.  Furthermore, the line diameter sets the next higher 
order coax propagation mode (TE11) to 2.2GHz, well outside the 1.8GHz diplexer 
requirement (see Table 1).  Again, equation 2.15 specifies the length of each low 
impedance section.  
3.2 The Highpass Filter  
The highpass filter consists of series Teflon-separated disks and shunt high impedance 
tubular transmission line sections.  Fig. 10 shows the realization and equivalent circuit of such 
a filter.  The mechanical and electrical considerations mentioned for the lowpass filter apply 
here as well.  Furthermore, the disk capacitor should utilize a relatively thick dielectric 
(>0.001”) to improve peak power capacity, and the plate area should minimize fringing 
capacitance.  An empirical method is used to determine an acceptable level of fringing 
capacitance.  Similar to the lowpass filter, the author used the following dimensions3.2:  
1. The outer conductor’s outer diameter is set to 0.5” with a wall thickness of 0.030” (readily 
available tube size).  Since this is less than the 1.25” diameter of the lowpass filter, whose 
next higher order propagation mode is greater than 2.2GHz, higher order mode 
propagation is eliminated. 
2. The disk capacitor diameter is set to 0.270” and the capacitor equation, 
  C = εdielectric⋅Area/thicknessdielectric                                                                                                                                    (3.1) 
with Teflon dielectric (εr = 2.1), determines the dielectric thickness.  The metal plate thickness 
is initially set to 0.030”.  The 0.270” diameter and the 0.030” disk thickness contribute less 
than 140fF of fringing capacitance and is assumed negligible.  
3.2 See Appendix C page 54 for the Excel worksheet 
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C C C 
L L 
 
 
 
Figure 10a: Highpass Semi-Lumped Filter Section Realization, Cross-section 
 
 
 
Figure 10b: Equivalent Lumped Element Circuit of Fig.-10a 
 An alternate realization for the series capacitors of Fig. 10 consists of a Teflon spacer on 
the coax inner conductor as depicted in Fig. 11.  This represents an open-circuit stub, which is 
advantageous in bandpass filter designs requiring quarter wavelength open-circuit stubs, similar 
to that in Chapter 4.    
 
 
 
 
Figure 11: Alternate Series Capacitor Configuration, Cross-section 
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3.3 The Diplexer 
Figs. 12 and 13 show the semi-lumped diplexer configuration and its equivalent circuit.  
The initial filter circuit element values yield a cutoff frequency equal to the mean of the 
highpass and lowpass cutoff frequencies, resulting in a pseudo-complementary diplexer with 
40dB isolation and equiripple passbands (Chebyshev design).  Ansoft Designer’s filter design 
utility provided element values for singly terminated lowpass and highpass filters.  The 
individual filters were connected together and simulated for the frequency band of interest.  
Figs. 14 and 15 display the lumped circuit response, while Figs. 16 and 17 display the response 
of the semi-lumped diplexer modeled in Ansoft HFSS.  Observe that the HFSS model results 
do not meet Table 1 requirements, thus requiring an optimization procedure. 
 
 
Figure 12: Semi-Lumped Diplexer Configuration, Cross-section 
 
 
 
 
 
Figure 13: Semi-Lumped Diplexer Equivalent Lumped Element Circuit 
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Figure 14: Semi-Lumped Element Equivalent Circuit a) Passband Insertion Loss (dB), b) Isolation (dB) 
 
Ansoft Corporation 
          Isolation 
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Figure 15: Semi-Lumped Element Equivalent Circuit Return Loss (dB), Common Junction (port1) 
 
 
 
 
 
 
 
Figure 16: Semi-Lumped Diplexer Insertion Loss (dB) 
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Figure 17: Semi-Lumped Diplexer a) Isolation (dB), and b) Return Loss (dB) 
Ansoft Corporation 
          Isolation 
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3.4 Optimization 
The full-wave simulation results above demonstrate that the lumped equivalent circuit 
does not take into account the various discontinuities in the lowpass and highpass filters’ 
transition sections, the input and output ports, and the common junction of the two filters.  
Therefore, a four step process was used to optimize the diplexer: 
1. HFSS—simulation of transitions and other discontinuities in the filters. 
2. Designer—optimize the lowpass filter for return loss. 
3. Designer—optimize the highpass filter for return loss. 
4. Designer—optimize both the highpass and lowpass filter simultaneously for return 
loss. 
Steps 2 and 3 are not necessary, but the author wanted to observe the performance of each 
filter independently.  Finally, the Designer-optimized values were incorporated into HFSS and 
simulated.  The four step process minimizes simulation and optimization times over full-wave 
HFSS model optimization.  Even with the combination of a 3.2GHz Pentium 4 computer, 
3GB of RAM, and division of the diplexer model along the plane of symmetry, HFSS 
optimization times can be extensive (>24 hours), whereas Designer optimizations require less 
than a few minutes. 
 The above procedures were carried out for both series capacitance realizations for the 
highpass filter (Figs. 10 and 11).    
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3.4.1 Simulation in HFSS and Designer 
The lowpass filter was divided into high and low impedance transmission lines, output 
port, and common junction sections for simulation in HFSS and Designer (steps 1 to 3 of the 
optimization process).  See Fig. 18 below. 
 
 
 
 
 
 
 
 
 
Figure 18: Discontinuities modeled in HFSS, Lowpass/Highpass Filters 
Similarly, the highpass filter was divided into sections and simulated in HFSS, then 
optimized in Designer.  Appendix C, page 58, shows the typical HFSS models used in the 
Designer schematic for optimization.  
Common Junction Common Junction with Alternate Series Capacitor Configuration 
High/Low Impedance Transition Lowpass Output Port  
 24 
All components are S-parameter models imported from HFSS except for the short-circuit 
transmission lines in the highpass filter. 
3.4.2 Results 
The optimized diplexer response from Designer is shown in Figs. 19 and 20.  The 
figures show that passband insertion loss is less than 0.13dB, and isolation and return loss are 
greater than 40dB and 19dB, respectively.  The diplexer response applied to the entire HFSS 
model is shown in Figs. 21-23; passband insertion loss is less than 0.36dB, isolation is a 
minimum of 38dB, and the return loss is greater than 12.2dB.  Clearly, the two responses do 
not match.  However, the optimization goal is to obtain a diplexer that meets Table 1 
specifications as predicted by HFSS, a 3D full-wave EM simulator that accounts for all EM 
interactions and is not limited to electrical circuit model accuracy (i.e. Designer).  Inspection of 
Fig. 23 reveals that the return loss, minimum of 12.2dB at 1.7GHz, exceeds specification, 
otherwise the diplexer performance is acceptable. 
 Discrepancies between Designer and HFSS models arise because the series capacitors 
and shunt inductors in the highpass filter are not modeled as discrete sections in HFSS prior to 
optimization in Designer (see Appendix C, page 58).  Hence, the Designer model does not 
fully represent the HFSS model.  Modeling all components in HFSS for use in subsequent 
Designer optimization did not improve the HFSS response.          
There is a definite need to study and understand the discrepancies between the complete 
and sectional models, but it was decided that even if the discrepancies were resolved, the 
proposed diplexer’s 20” overall length exceeds the 12” size limit (see Table 1) for this 
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particular application.  However, if overall length is not a factor, this type of diplexer may 
prove practical.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Diplexer Optimization Results in Designer: a) Insertion Loss (dB), b) Isolation (dB)
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Figure 20: Diplexer Optimization Results in Designer: Return Loss (dB) 
  
 
 
 
 
 
 
Figure 21: HFSS Simulation, Designer-Optimized Diplexer, Insertion Loss (dB) 
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Figure 22: HFSS Simulation, Designer-Optimized Diplexer, Isolation (dB) 
 
 
 
 
 
 
 
Figure 23: HFSS Simulation, Designer-Optimized Diplexer, Return Loss (dB) 
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Chapter 4 
THE DIGITAL ELLIPTIC DIPLEXER 
 
A topology that can meet the wide bandwidth requirements of Table 1 while maintaining 
relatively small size and high-power handling capability is the digital elliptic filter proposed by 
Wenzel [33].  The semi-lumped coax design produces a diplexer with an estimated 20” length 
(excluding connectors), whereas the digital elliptic diplexer is less than 5” in length (excluding 
connectors).  However, the literature [14, 33] suggests that this type of filter operates over a 
maximum 4.0:1 bandwidth, which is less than the 4.4:1 bandwidth required for the AEW 
diplexer requirements.  Nonetheless, it may be possible to achieve this bandwidth specification 
along with realizable diplexer element values by simulation and optimization in a full-wave 
simulator such as HFSS.  
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4.1 The Digital Elliptic Diplexer 
The digital elliptic diplexer consists of coupled rectangular bars between parallel plates 
with internal series stubs to realize a non-redundant (i.e., all components contribute to the 
filter response) and inherently wideband (>30%) pseudo-complementary diplexer [33].  Fig. 24 
shows the diplexer’s L-C prototype circuit and corresponding physical structure.  To satisfy 
equation 2.19, the highpass prototype obtains its elements values from the lowpass prototype 
by direct inversion. 
 
 
 
 
 
 
 
 
 
          
Figure 24:  Digital Elliptic Diplexer and L-C prototype  
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The open-circuit bars in the lowpass filter represent capacitive elements in the L-C 
prototype’s lowpass filter, while the short-circuit bars in the highpass filter serve as inductors.  
Short-circuit coaxial transmission lines in the lowpass filter serve as series inductors while 
open-circuit transmission lines serve as series capacitors in the highpass filter.  Filter 
component lengths are one-quarter wavelength at the 1.15GHz midband (resonant) filter 
frequency.  Since the lowpass bars are open-circuit, they require dielectric material (not shown, 
εr = 2.1) for support, as do the open-circuit coaxial stubs in the highpass filter.  Thin width 
(1/32”) sections of fiberglass/Teflon provide adequate support for the lowpass bars while 
meeting performance specifications defined in Table 1. 
Figs. 25 and 26 show the frequency responses of the L-C and distributed prototypes, 
respectively.  As discussed in Chapter 2, the distributed prototype’s frequency response is 
periodic. 
 
 
 
 
 
0                                                                                 1.0Ω                                    Ω→∞  (radians/sec) 
Figure 25: L-C Prototype Diplexer Frequency Response (see Appendix A for definitions) 
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Figure 26:  Digital Elliptic Diplexer Frequency Response  
4.2 Synthesis and simulation 
Diplexer synthesis follows directly from the procedure outlined in [33].  From the 
diplexer specifications in Table 1 and design equations in reference [33] (see Appendix A for 
definition of terms):   
='1Cf 0.410GHz (center of the transition band), ='2Cf 1.85GHz (allows 40dB 
attenuation at 1.8GHz), ="
SAf 0.32GHz, and ='SAf 0.5GHz.   
1 2
0
' '
2
C Cf ff += = 1.13GHz (4.1)   
1
0
'
' tan 0.641
2
C
C
f
f
piΩ = =  (4.2)   
0
'
' tan 0.834
2
S
S
A
A
f
f
pi
Ω = =  (4.3)   
' 0.77
'
S
C
L
A
k k Ω≥ = =
Ω
 (4.4)   
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A 6th order filter (N = 6) with k = 0.8, AS = 51dB at SAΩ =1.2318 (0.69GHz) meets 
requirements [33].  The normalized element values presented in Table II [33] provide a 
maximum VSWR of 1.2702 (Return Loss (RL) = 18.48dB) at the common port of the 
diplexer, yet Table 1 requires an RL ≥ 20dB at all ports of the diplexer.  This requires 
normalized element values adjustment.  References [1-2, 7, 12, 32] outline procedures for 
synthesizing element values, but they are non-trivial and tedious, requiring Jacobi-elliptic 
integrals.  An alternate approach is to use the optimization feature of Ansoft Designer to 
determine element values that meet the 20dB RL requirement with initial element values given 
by Wenzel [33].  In addition, Designer constrains element values to yield practical physical 
dimensions while meeting electrical requirements.  Table 2 shows the normalized element 
values from the original prototype [33] and the optimized values from Designer (optimized for 
21dB return loss). 
 
Table 2: Digital Elliptic Diplexer, Normalized Element Values and Designer Optimized Values  
i Ci prototype Ci optimized Li prototype Li optimized 
1 0.5871 0.5808 - - 
2 0.3304 0.3276 1.1586 1.1552 
3 1.2000 1.2048 - - 
4 0.5403 0.5451 1.1653 1.1588 
5 1.3581 1.4155 - - 
6 - - 1.7153 1.6260 
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Substituting the normalized values of Table 2 into equations T-5 through T-8 of Wenzel 
[33] yields static capacitance4.1 values and series stub impedances for the diplexer shown in Fig. 
27.  The lowpass series stubs and all coupled bars employ an air dielectric, whereas the 
highpass series stubs employ Teflon (εr = 2.1) to provide support for the center conductor of 
the open circuit stubs.        
 
Figure 27: Static Capacitance and Series Stub Impedance Values  
Set t/b = 0.6 (see Fig. 28) for the lowpass filter and t/b = 0.4 for the highpass filter.  A 
t/b ratio of 0.6 for the highpass filter leads to negative dimensions for the coupled bars.  
Setting the component minimum dimensions to 30mil, the same as the wall thickness of 
Randtron’s 0.5” coaxial lines, seems an acceptable arbitrary starting point.  Table 3 shows 
diplexer coupled bar section dimensions as determined from Getsinger data [25] and the 
coaxial line impedance equation:  
0 ln
2
r
c DZ
d
µ
pi ε
= . (4.5)   
50Ω 50Ω 
4.1. A unitless quantity.  See Appendix A.   
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Table 3: Digital Elliptic Diplexer Dimensions (inches), b = 0.750in 
 lowpass: t/b = 0.6  highpass: t/b = 0.4 
i wi si,i+2 si,wall D d wi si,i+2 si,wall D d 
1 0.264 0.125 0.051 - - 0.041 0.218 0.126 - - 
2 - - - 0.371 0.083 - - - 0.185 0.075 
3 0.97 0.075 - - - 0.516 0.140 - - - 
4 - -  0.374 0.083 - -  0.185 0.075 
5 0.450 - 0.525 - - 0.300 - 0.313 - - 
6 - - - 0.374 0.045 - - - 0.212 0.060 
 
 
 
 
Figure 28: Input Port, Diplexer 
 
4.3 Tuning in HFSS4.2 
Ideally, the coupled bars and series stubs are one-quarter wavelength at the resonant 
frequency (f0), but their exact lengths are difficult to determine [33] analytically and require 
electrical measurement or simulation.  Ansoft HFSS provides the capability to tune all 
resonator lengths.  Fig. 29 shows the diplexer response after tuning.   
4.2. The HFSS model employs copper as the conductor material.   
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Figure 29: Diplexer Frequency Response in HFSS 
Fig. 30 shows isolation (S23) in the frequency bands of interest (see Table 1).  Fig. 31 shows the 
RL at the common port of the diplexer (port 1) and Fig. 32 is a zoomed-in view of insertion 
loss in the passbands from Fig. 29.  Finally, Table 4 displays the tuned resonator lengths. 
 
  
 
 
 
 
Figure 30: Diplexer Isolation Between Lowpass and Highpass Filters 
 
S21       S31 
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Figure 31: Return Loss at Diplexer Common Port  
 
 
 
 
 
Figure 32: Diplexer Passband Insertion Loss 
 
S21       S31 
 37 
Table 4: Resonator Lengths, Before/After HFSS Tuning, (inches) 
lowpass stubs (εr = 1) highpass stubs (εr = 2.1)  lowpass bars 
2 4 6 
highpass bars 
2 4 6 
initial 2.61 2.61 2.61 1.802 1.802 1.802 
final 2.30 2.294 2.48 1.353 1.488 1.594 
 
4.4 Peak Power Handling Capability 
Figs. 33 and 34 show the regions of maximum electric field intensity in the lowpass and 
highpass filters, respectively, with 6.0kW input power at frequencies of 0.320GHz (Fig. 33) and 
0.653GHz (Fig. 34).  At 2.0Atm, the dielectric strength4.3 of air is 50% greater than at standard 
[9]; therefore, the maximum allowable field strength is 4.5MV/m.  Using a safety factor of 2 
limits the filter’s maximum field to 2.25MV/m.  As Figs. 33 and 34 indicate, maximum field 
strengths of 1.34MV/m and 2.17MV/m occur in the diplexer’s lowpass and highpass filters, 
respectively. 
 
 
4.3. See Appendix A. 
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Figure 33: E-field Intensity Distribution in Lowpass Filter 
  
  (1.34MV/m) 
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(2.17MV/m) 
 
Figure 34: E-field Intensity Distribution in Highpass Filter 
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4.5 Summary 
The diplexer design meets the performance requirements specified in Table 1.  Table 5 
displays the results and Fig. 35 shows the overall filter dimensions.  The input and output 
connections are generic 0.25” 4.4, 50Ω connectors, which interface with 0.5” 4.4 connectors. 
 
A mechanical dimension sensitivity analysis is recommended prior to fabrication of the 
proposed diplexer design. This analysis can be carried out in HFSS. 
 
Table 5: Diplexer Performance Results, Worst Case 
 Isolation 
(dB) 
Reflection 
(dB) 
Insertion Loss 
(dB) 
Peak Power 
(kW) 
Specification ≥ 40 ≥ 20 ≤ 0.5 6.0 
Simulation  39.8 19.8  0.2  6.45 
 
 
 
4.4. Outer conductor inner diameter. 
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Figure 35: Overall Dimensions, Proposed Digital Elliptic Diplexer 
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Chapter 5 
CONCLUSION  
        This project involves the investigation of two wideband high power handling diplexer 
candidates for AEW application: semi-lumped coaxial and digital elliptic topologies.  Each has 
its own advantages and disadvantages. 
        The semi-lumped coaxial diplexer has the advantages of straightforward design and 
manufacturability, but also involves unresolved complexities that prevent software 
performance design optimization.  Furthermore, physical prototype tuning requires the ability 
to adjust lowpass element lengths, for example, which requires disassembly, remanufacturing, 
reassembly, and retest until the filter attains desired performance.  The required level of effort 
is not practical.   
        The digital elliptic diplexer, which also exhibits semi-lumped behavior, is not as 
mechanically simple as the coaxial design, but has the advantages of smaller packaging, and 
simplified physical prototype tuning.  For instance, the resonator lengths are adjustable 
through “tuning slugs” as outlined in [33].   
Although the second diplexer has been implemented since the 1960s, the author is not 
aware of operating bandwidths greater than the 4.0:1.  It is rewarding to know that the Wenzel 
wideband diplexer [33] can indeed operate over the wider bandwidth of 4.4:1.  The author is 
also not aware of any coaxial semi-lumped diplexers presented in Chapter 3, which can be 
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implemented in other applications.  In any case, both diplexers offer low loss (<0.3dB and 
<0.2dB for semi-lumped and digital elliptic, respectively), which is particularly attractive. 
Randtron had plans to build digital elliptic diplexer prototypes to verify simulation 
results, but project goals have changed and the diplexer is no longer required. 
HFSS is a useful three-dimensional full-wave EM simulator, but it has severe limitations 
on curved objects; simulations will either not converge or require days to complete.  A more 
capable 3-D modeling suite might reduce simulation time. 
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APPENDIX A: DEFINITIONS OF SELECTED TERMS 
 
 
 
 
 
 
 
Figure A.1: Prototype Digital Elliptic Diplexer Response 
 
AS: Minimum stopband attenuation in dB. 
 
0f : Resonant, or midband, frequency at which the lines are λ/4 in length. 
 
1 'Cf : Lower 3dB crossover frequency. 
 
2 'Cf : Upper 3dB crossover frequency. 
 
'
SA
f : Lowpass filter frequency at which the attenuation is AS dB. 
 
"
SA
f : Highpass filter frequency at which the attenuation is AS dB. 
 
k : See skirt selectivity factor. 
 
Bandwidth: The bandwidth may be defined in two ways.  The first is 2
1
'BW
'
C
C
f
f=  (a ratio), 
and the second is 2 1
0
' 'BW C Cf ff
−
=  (fractional). 
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Combline filter: A filter topology with parallel coupled rectangular or circular bars that 
resemble a hair comb. 
 
Complementary filters: Parallel connected filters that satisfy the following two equations 
[18]: Re[ ] Re[ ] 1
HP LPin in
Y Y+ =  and Im[ ] Im[ ] 0
HP LPin in
Y Y+ = .  Series connected filters have an 
analogous definition that replaces admittances with impedances. 
 
Dielectric strength (Ed): Intrinsic property of an insulator—the maximum electric field 
(V/m) the insulator can withstand prior to breakdown (i. e. before loss of its dielectric 
properties).  The standard value of Ed for air at room temperature and 1Atm is approximately 
3MV/m.  
 
Digital filter: A filter topology with parallel coupled rectangular or circular bars that resemble 
the digits of a hand.   
 
Elliptic filter: A filter with equal ripple in the passband and stopband requiring Jacobi-elliptic 
functions for synthesis.  It is also known as a Cauer or rational Chebyshev filter [17]. 
 
Filter: A network with a prescribed response for a given excitation. [15] 
 
Non-redundant synthesis: Filter realization without unit elements, or filter realization where 
the unit elements contribute to the magnitude response of the filter. 
 
Pseudo-complementary filters: Parallel connected filters when 1
HP LPin in
Y Y+ ≈  (within 20%) 
[5]. 
 
Redundant synthesis:  Use of extra (redundant) unit elements to realize filter networks.  The 
unit elements do not affect the magnitude response of the filter. 
 
Rotary coupler (RC): A rotary coupler consists of many two-port rotating joints that 
maintain electrical continuity while allowing 360° rotation between the ports.  
 
Selectivity: A filter’s insertion loss outside the desired band, and typically specified in dB—
quantifies the filter’s ability to differentiate between signals of different frequencies (or 
frequency bands). 
 
Skirt selectivity factor (k): The ratio of the cutoff frequency to the frequency at which the 
filter attenuation reaches AS (dB). 
 
 Static capacitance: As used in Chapter 4, a unitless quantity that is the ratio of capacitance 
between conductors per unit length to the dielectric constant of the medium [25, 33]. 
 
Unit element (U): A transmission line of length λ/4 and characteristic impedance Z0. 
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APPENDIX B: SOME FILTER TECHNOLOGIES/TOPOLOGIES 
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(MathCad 11.0 Worksheet)
APPENDIX C: WORKSHEETS AND OTHER DATA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Example of estimating the filter order for a lowpass Chebyshev response 
αmax 0.04:=  in dB fc 370:=  in MHz 
fs 500:=  
αmin 45:=  in dB 
ε_c 10
αmax
10 1−:=  
filter order 
n
acosh ε_c
1−
10
αmin
10 1−






acosh
fs
fc






:=  
n 10.074=  
Source of equations: Wai-Kai Chen, "Passive And Active Filters Theory and 
Implementation," John Wiley & Sons Inc, NY, Chichester, Brisbane, Toronto, 
Singapore 1986       CH2 
********************************************************************************************************** 
 or using another source, J.A.G. Malherbe, "Microwave transmission Line Filters," Artech House, 
Inc., Dedham, Massachusetts, 1979   :Ch2 
Amax 0.04:=  Amin 45:=  in dB, same as alpha max above 
ω ωs:=  Ω tan
pi
2
ω
ωo
⋅






:=
 
Ωc tan
pi
2
ωc
ωo
⋅






:=  Ωp
Ω
Ωc
:=  
ω s 500≡   in MHz frequency.  It is the edge where attenuation = 45dB 
ω c 370≡  ω o 1160≡  
n
acosh
10
Amin
10 1−
10
Amax
10 1−












acosh Ωp( ):=  
n 8.805=  
This is the same equation as above but uses Ωp instead 
This value is different from above because of Richards’ transformation 
(provides better cutoff than lumped equivalent) 
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Semi-Lumped Diplexer: Initial circuit 
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Estimation of Discontinuity Capacitance for Lowpass Filter 
Wadell, Brian C., Transmission Line Design Handbook. Artech House, Inc., Norwood MA, 1991. 
 
era 1.000649≡  
c 2.99792458 108⋅≡  
ert 2.1≡  
Zh 180:=  f 0.410 10 9−⋅:=  
Zl 10:=  
ω 2 pi⋅ f⋅:=  vh
c
era
:=  
Ind 14.237 10 9−⋅:=  
vl
c
ert
1
0.0254
⋅:=  
l
vh
ω
asin
ω Ind⋅
Zh






⋅
1
0.0254
⋅:=
 
l 0.933=  index 1 3..:=  
rindex
0.062
2
1.0578
2
1.25
2
:=
 
τ
r3
r1
:=  
α
r3 r2−
r3 r1−
:=  
Cdp 8.854183 10
12−
⋅ ert⋅
100 pi⋅
α
2
1+
α
ln 1 α+
1 α−






⋅ 2 ln 4α
1 α
2
−






⋅−








1.11 10 15−⋅ 1 α−( ) τ 1−( )⋅+






2.54⋅:=  
Cd 2pi r3⋅ era⋅ Cdp⋅:=  
Cd 1.884 10 12−×=  
(continued on next page) 
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k 2 4, 10..:=  k1 1 3, 9..:=  
lenCk
0.665
0.855
0.885
0.853
:=
 
Lk1
Zl lenCk1 1− lenCk1 1++( )⋅
2 vl⋅
:=
 
L
0
0
1
2
3
4
5
6
7
8
9
0
-104.082·10
0
-109.331·10
0
-91.068·10
0
-91.067·10
0
-105.237·10
=  Inductive Reactance 
F/cm*2.54=F/in 
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 Digital Elliptic Diplexer 
(method of Wenzel) 
fc1 0.410 109⋅:=  the 3dB frequency crossover 
fc2 1.85 109⋅:=  Z0 50:=  era 1.000649:=  air( ) ert 2.1:=  
f0 fc1 fc2+
2
:=  the center frequency (λ/4) 
from (T1) Ωc tan pifc1
2 f0⋅






:=  fAs1 500 106⋅:=  fAs2 320 106⋅:=  
ΩAs1 tan pi fAs1⋅
2 f0⋅






:=  ΩAs1 0.834=  kL Ωc
ΩAs1
:=  
Therefore: Ωc 0.641=  kL 0.769=  
from table 2: N 6:=  and k=0.8, As=51dB at ΩAs=1.2318 (639MHz) 
Then: i 0 6..:=  
Ci
0
0.5871
0.3304
1.2000
0.5403
1.3581
0
:=
 
Li
0
0
1.1586
0
1.1653
0
1.7153
:=
 
Ci
0
0.5808
0.3276
1.2048
0.5451
1.4155
0
:=
 
Li
0
0
1.1552
0
1.1588
0
1.6260
:=
 
i
0
1
2
3
4
5
6
=  
Lowpass prototype 
(initial values) (optimized values from Designer) 
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f0 1.13 109×=  
frep Ω( ) 2 f0⋅
pi
atan Ωc Ω⋅( ):=  
(equation for static capacitances of elements) 
frep 1.2( ) 4.716 108×=  
CLPcharti
376.7
era Z0⋅
Ci
Ωc
⋅:=  CHPcharti
376.7
era Z0⋅
Ci⋅ Ωc⋅:=  
(LP = Lowpass) (HP = highpass) 
CLPcharti
0
6.826
3.85
14.159
6.406
16.635
0
=  CHPcharti
0
2.803
1.581
5.815
2.631
6.832
0
= 
(static capacitances of elements) 
tLP 0.6:=  tHP 0.4:=  b 0.75:=  
sLPi
0
.165
0
.100
:=
 
CfLPi
0
.360
0
.225
:=
 
for tLP=0.6 
CFolp 1.30:=  (fringing capacitance between enclosure and outer 
element) 
for sw/2=0.5 (distance between enclosure and outer element) 
sHPi
0
.290
0
.185
:=
 
CfHPi
0
.40
0
.280
:=
 
for tHP=0.4 
CFohp .93:=  (fringing capacitance between enclosure and outer 
element) 
for sw/2=0.7 (distance between enclosure and outer element) 
(sLP (sHP): distance between adjacent bars) 
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wkLP i 0:=  
wkLP3
1
2
1
tLP
b
−






1
2
CLPchart3 CfLP1− CfLP3−






:=  
wkLP1
1
2
1
tLP
b
−






1
2
CLPchart1 CFolp− CfLP1−






:=  
wkLP 5
0.6
b
:=  
wkHP i 0:=  
wkHP3
1
2
1
tHP
b
−






1
2
CHPchart3 CfHP1− CfHP3−






:=  
wkHP1
1
2
1
tHP
b
−






1
2
CHPchart1 CFohp− CfHP1−






:=  
wkHP5
0.6
b
:=  wwall 0.035:=  
separating the bars at the junction 
lamda/4 length 
c
f0
4 0.0254⋅ m⋅ Hz⋅
2.611=  
Matthaei, et al.,"Microwave Filters, Impedance-
Matching Networks, and Coupling Structures," 
Artech House, 1980 
sLPi b⋅
0
0.124
0
0.075
0
0
0
=  wkLPi b⋅
0
0.131
0
0.487
0
0.6
0
=  sHPi b⋅
0
0.217
0
0.139
0
0
0
=  wkHPi b⋅
0
0.013
0
0.39
0
0.6
0
=  
wkHP1 is <0.35(1-t/b) 
needs correction 
wkHPp1
.07 1 tHP
b
−






wkHP1+
1.20
:=  
wkHPp1 b⋅ 0.031=  eqn 5.05-26 
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Zlpi Z0
Li
Ωc
⋅:=  Zhp i Z0 Li⋅ Ωc⋅:=  
Zlpi
0
0
90.127
0
90.407
0
126.857
=  Zhp i
0
0
37.017
0
37.132
0
52.103
=  
(characteristic impedances of internal stubs) 
D .1:=  
Given 
Zc
2 10 7−⋅ c⋅
s
m
⋅
ε
ln
D
d






⋅  (D of internal stubs determined from Zo) 
Dia ε d, Zc,( ) Find D( ):=  k3 2 4, 6..:=  
Dia era .083, Zlpk3,( )
0.373
0.375
0.689
 Dia ert .075, Zhpk3,( )
0.183
0.184
0.264
 
(LP) (HP) 
Dia era .045, Zlp6,( ) 0.374=  
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Results of design for the 6th order digital elliptic filter 
(LP) (HP) 
Dia era .083, Zlpk3,( )
0.373
0.375
0.689
 Dia ert .075, Zhpk3,( )
0.183
0.184
0.264
 
Dia era .045, Zlp6,( ) 0.374=  Dia ert .06, Zhp6,( ) 0.211=  
sLPi b⋅
0
0.124
0
0.075
0
0
0
=  wkLPi b⋅
0
0.131
0
0.487
0
0.6
0
=  
sLP5w=0.068" 
c
f0 era⋅
4 0.0254⋅ m⋅ Hz⋅
2.61=  λ/4 length in air 
c
f0 ert⋅
4 0.0254⋅ m⋅ Hz⋅
1.802=  λ/4 length in Tef. 
tHP 0.4=  tLP 0.6=  b 0.75=  
wwall 0.035=  separating the bars at the junction 
sHPi b⋅
0
0.217
0
0.139
0
0
0
=  wkHPi b⋅
0
0.013
0
0.39
0
0.6
0
=  
wkHPp1 b⋅ 0.031=  
sHP5w=0.035" 
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